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Summary
Introduction: This article is part of the  
Focus Theme of Methods of Information in 
Medicine on “Methodologies, Models and 
 Algorithms for Patients Rehabilitation”.
Objective: Identify eye gaze correlates of 
motor impairment in a virtual reality motor 
observation task in a study with healthy par-
ticipants and stroke patients.
Methods: Participants consisted of a group 
of healthy subjects (N = 20) and a group of 
stroke survivors (N = 10). Both groups were 
required to observe a simple reach-and-grab 
and place-and-release task in a virtual en-
vironment. Additionally, healthy subjects 
were required to observe the task in a normal 
condition and a constrained movement con-
dition. Eye movements were recorded during 
the observation task for later analysis.
Results: For healthy participants, results 
showed differences in gaze metrics when 
comparing the normal and arm-constrained 
conditions. Differences in gaze metrics were 
also found when comparing dominant and 
non-dominant arm for saccades and smooth 
pursuit events. For stroke patients, results 
showed longer smooth pursuit segments in 
action observation when observing the pa-
retic arm, thus providing evidence that the 
affected circuitry may be activated for eye 
gaze control during observation of the simu-
lated motor action.
Conclusions: This study suggests that neural 
motor circuits are involved, at multiple levels, 
in observation of motor actions displayed in 
a virtual reality environment. Thus, eye track-
ing combined with action observation tasks 
in a virtual reality display can be used to 
monitor motor deficits derived from stroke, 
and consequently can also be used for re -
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1. Introduction
Stroke is one of the primary causes of per-
manent disability among the current popu-
lation [1]. For this reason, the mechanisms 
underlying stroke recovery have been the 
focus of several studies that showed the im-
portance of brain plasticity in the recovery 
process [2, 3]. Some researchers proposed 
the recruitment of mirror neurons for 
stroke rehabilitation [4]. This paper pro-
poses the use of eye tracking technology to 
quantify the recovery process, by exploiting 
the neural correlates of eye gaze trajectories 
in the observation and execution of goal 
directed actions in a virtual reality display.
Mirror neurons are single neurons ob-
served in primates that fire both when ob-
serving behaviors performed by others (ac-
tion observation) or when the individual 
plans his/her own actions (action execu-
tion) [5, 6]. Research has shown that mir-
ror neurons may serve recognition and 
imitation of goal-directed actions, and that 
these neurons are crucial to social interac-
tions, providing the basis for understand-
ing the actions of others through the con-
nection between action and perception 
[6– 9]. Through neuroimaging techniques, 
researchers have been able to locate spe-
cific areas of human brain activation and 
determine the spatial and temporal con-
gruency between observing and executing 
actions [10, 11]. However, no existing 
model allows us to fully understand the 
shared neural mechanisms between obser-
vation and execution, and propose how to 
maximally exploit it in motor rehabilitation 
training.
There are multiple models of the mirror 
neurons and their function, but there is a 
lack of an integrative understanding of 
their function [12]. However, most place 
the mirror neurons at the intersection of 
action observation and action execution. 
According to Oztop et al. [9] the dual acti-
vation of mirror neurons during observa-
tion/execution is explained by two pro-
cesses: i) automatic engagement of mental 
state inference during action observation, 
and ii) forward prediction by the mirror 
neurons for motor control during action 
execution. Because eye gaze is tightly 
coupled to sensory prediction during both 
action observation and action execution 
[13], the measurement of eye movements 
has become a promising method for quan-
tifying multiple aspects of cognition [14]. 
Studies have demonstrated congruency in 
gaze metrics between action execution and 
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that these processes have a partially shared 
neural network [15]. From a rehabilitation 
standpoint, some studies have demon-
strated strong evidence that action obser-
vation has a positive effect on rehabilitation 
of motor deficits after stroke [16 –18]. 
Others [19, 20] have shown the feasibility 
of using eye tracking in neurorehabili-
tation. With the increasing availability of 
low-cost devices, eye gaze will play an im-
portant role in rehabilitation and diag-
nostics.
In this study we take advantage of the 
assumed shared neural mechanisms in ac-
tion observation and execution to explore 
their potential in rehabilitation. We pro-
pose a novel technology that assesses eye 
gaze behavior in a virtual reality (VR) ob-
servation task. We demonstrate its use in 
healthy subjects as well as in stroke pa-
tients, suggesting important implications 
for diagnostic and rehabilitation purposes.
2. Objectives
The objective of this study is to assess eye 
gaze behavior in a VR observation task in 
healthy participants, who represent an in-
tact mirror neuron system, and stroke pa-
tients, whose mirror neurons may poten-
tially be damaged. The eye gaze of partici-
pants is analyzed in a task where subjects 
observe an arm in a virtual environment 
while executing reaching and grasping 
 actions. We aim at verifying the following 
hypotheses:
a) existence of differences in gaze metrics 
in healthy participants using their 
dominant arm when compared to their 
non-dominant arm during action obser-
vation, due to interference of arm domi-
nance during the task;
b) existence of differences in gaze metrics 
in healthy participants during normal 
condition versus impaired sensorimotor 
condition while observing the task. 
Since action and perception are closely 
coupled through sensorimotor maps, 
impairing motor action in healthy par-
ticipants may also affect their motor 
planning, and subsequently their gaze 
patterns, during the task;
c) Existence of differences in gaze metrics 
in stroke patients using their paretic 
arm when compared to their non-
 paretic arm during action observation, 
due to the recruitment of the motor 
control areas affected by stroke.
Experiments were conducted with healthy 
participants and stroke patients, using a 
virtual environment as stimulus and eye 
tracking technology for data acquisition.
3. Methods
3.1 Participants
For the healthy group, 20 participants (3 fe-
male and 17 male) were recruited with a 
mean age of 30.4 years (SD = 6.5 years). All 
but one participant were right handed.  
For the stroke patients group, 10 stroke sur-
vivors (5 male, 5 female), with a mean age 
of 66.1 years (SD = 10.6 years) and a  
mean of 221.2 days after stroke (SD =  
157.4 days), participated in the study. 
Seven of these patients suffered an 
ischemic stroke and three patients suffered 
an intra-cerebral hemorrhage. Four pa-
tients had a left-sided brain lesion and six 
patients had a right-sided lesion. Patients 
with no arm mobility and/or with severe 
attention deficits were excluded from the 
study. Stroke patients were recruited from 
Hospital Dr. Nélio Mendonça and Hospital 
Dr. João de Almada, located in the city of 
Funchal, Portugal. Participants in both 
groups were naive to the system and hy -
potheses being tested. All of them supplied 
written informed consent prior to partici-
pation. The study was approved by the 
Ethical Committee of the Regional Health 
System of Madeira (SESARAM).
3.2 System
A custom VR task was developed using the 
Unity 3D game engine (Unity Technol-
ogies, San Francisco, USA). The VR en-
vironment was displayed on a 4 :3 monitor 
(1024 ´ 768 pixels resolution) with an inte-
grated eye tracking system, the Tobii T120 
Eye Tracker (Tobii Technology, Stockholm, 
Sweden). Eye movements were recorded at 
a sampling rate of 60 Hz. A laptop com-
puter connected to the eye tracker ran the 
custom VR software during the trials. Eye 
tracking data were acquired, logged and 
sent to VR through the RehabNet Control 
Panel. RehabNetCP integrates a large 
number of commercial and experimental 
interface devices to enable the patient-task 
interaction within VR, developed for 
motor and cognitive neurorehabilitation in 
both a clinical and non-clinical environ-
ment [21].
Participants were placed in front of the 
eye tracking system, with their head at 
about 60 cm distance from the screen, and 
with both hands over the table in front of 
them (▶ Figure 1). The VR environment, 
shown in the eye tracker display, presented 
the user with a virtual arm that performed 
a sequence of movements.
3.3 Procedure
Participants were presented with a simple 
reach-and-grab and place-and-release task 
in the virtual environment (▶ Figure 1). 
The environment was presented in a first-
person perspective, allowing the virtual 
arm to be consistent with the participant’s 
point of view. The task consisted of grab-
bing a virtual ball (either with a left or right 
virtual arm), moving it to a target desti-
nation (which would make the ball disap-
pear), then come back to the initial posi-
tion and wait 3 seconds for the task to re -
start. There were four predefined points for 
the ball’s initial position, all equidistant to 
the target and horizontally symmetric.
Both groups were presented with two 
different conditions, in the following order: 
i) action observation – the participants 
were required to observe, for posterior 
 repetition, a pre-recorded execution of the 
virtual arm grabbing the ball and taking it 
to the target destination; and ii) action 
execution with eye gaze – the participants 
were required to actively grab the ball with 
the virtual arm using their eye gaze and to 
take it to the target destination. In addition, 
healthy participants had to perform these 
two conditions twice, in a normal situation 
and a constrained-induced movement situ-
ation. For each condition, each participant 
had to perform (or observe) 40 repetitions 
of the task for each arm, with each repeti-
tion lasting around 5 s. The order of the in-
itial position of the virtual ball was chosen 
randomly (out of the four predefined posi-
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that all initial positions were presented 10 
times. In this paper we focus on the analy-
sis of condition i). The results of ii), already 
reported in our previous work [18], did not 
show strong correlations with arm motor 
deficits and thus are not included in this 
paper.
3.4 Data Analysis
All data analysis was performed with 
 Matlab (MathWorks Inc., Natick, MA, 
USA). Eye tracking data was temporally 
smoothed with a Gaussian window of  
1.6 seconds with SD = 0.16 s, and con-
verted to screen coordinates (X, Y). Resting 
periods and segments with missing data 
were removed from the analysis. According 
to the velocity profile of the data, eye track-
ing behavior was classified into 1) fixations, 
2) saccadic movements, and 3) smooth 
pursuit. For each behavior detected, the 
number of occurrences and their duration 
were assessed. In addition, the accumu-
lated travelled distance was also com-
puted.
Out of the 10 stroke participants, one 
dataset of the action observation condition 
was corrupt. The 2-sided Lilliefor test re-
vealed that data was not normally dis-
tributed. To test against different condi-
tions where size group data differ in size 
the non-parametric Mann-Whitney test 
was used. A non-parametric matched pairs 
Wilkoxon test was used to assess differ-
ences between paretic and non-paretic data 
for the stroke patient data – and to assess 
differences between dominant and non-
dominant data, and between constrained 
and non-constrained conditions for the 
healthy participant data.
4. Results
4.1 Gaze Density Maps
The distribution of gaze patterns (fixations, 
saccadic movement, smooth pursuit) in 
 action observation was assessed in the 
healthy group, for the normal and con-
strained conditions, and in the stroke pa-
tients group (▶ Figure 2).
There is consistency when comparing 
eye gaze patterns between the two experi-
mental conditions for healthy participants 
and stroke patients. Fixations are mostly 
clustered around the targets (release place 
at the top-center and resting position at the 
bottom-center of the screen) or virtual ob-
jects (two on the right and two on the left 
halves of the screen) as shown in ▶ Fig- 
ure 1. Saccadic movements were detected 
mostly between the target position and the 
resting position. Because these two el-
ements are at opposite ends of the screen 
they generate more saccadic movements. 
Smooth movements are detected mostly in 
the areas between virtual objects and their 
respective targets. We did not observe 
major differences in the distribution of eye 
gaze patterns when comparing the differ-
ent conditions.
4.2 Gaze Metrics
For the next analysis, the following gaze 
metrics were extracted from the eye track-
ing data: number of fixations, number of 
saccades, number of smooth pursuit seg-
ments, duration of fixations, duration of 
saccades, and duration of smooth pursuit 
segments (▶ Table 1). 
When performing a within subject analy-
sis to the different eye gaze patterns in 
healthy participants in the normal observa-
tion conditions, results revealed shorter sac-
cades when observing the dominant arm 
(Mdn = 265 ms) than when observing the 
non-dominant arm (Mdn = 291 ms),  
T = 31, p < 0.01, and less smooth pursuit 
events when observing the dominant arm 
(Mdn = 314) compared to the non-domi-
nant arm (Mdn = 379), T = 37, p < 0.05. No 
significant differences were found between 
dominant and non-dominant arm in the 
movement constrained condition. In the 
case of stroke patients, the within subject 
analysis revealed longer smooth pursuit 
when observing the paretic arm (Mdn = 587 
ms) than when observing the non- paretic 
arm (Mdn = 567 ms), T = 154,  
p < 0.01. In average, smooth pursuit in the 
observation condition was 30 ms longer. 
However, no more differences were found in 





Figure 1 Experimental setup being used by a stroke patient, consisting of a monitor with an integrated eye tracker running a custom made VR task.  
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When comparing the normal condition 
and movement constrained condition in 
the healthy group and with the stroke 
group, it was found that fixations are less 
likely to occur in the constrained condition 
(Mdn = 1160) when compared to the 
 normal condition (Mdn = 1286), T = 224,  
p < 0.05, and with stroke patients (Mdn = 
1284), U = 682, p < 0.01. Additionally, dif-
ferences in the dominant arm were found 
between normal (Mdn = 1309) and con-
strained conditions (Mdn = 1061), T = 34, 
p < 0.05. The duration of fixations was 
found to be significantly longer in stroke 
patients (Mdn = 378 ms) than in the nor-
mal condition for healthy participants 
(Mdn = 228 ms), U = 696, p < 0.01. Differ-
ences were also found for the non-domi-
nant arm between normal (Mdn = 210 ms) 
and constrained conditions (Mdn =  
174 ms), T = 28, p < 0.01. Finally, less sac-
cades were detected for stroke patients 
(Mdn = 53) than for healthy participants in 
the normal condition (Mdn = 60), U = 370, 
p < 0.05. No other significant differences 
were found between conditions and 
groups.
5. Discussion and 
 Conclusions
There is a growing body of research that 
supports the use of action observation as a 
valid paradigm for post-stroke rehabili-
tation due to shared neural mechanisms 
between execution and observation cir-
cuits. In this study we quantified action ob-
servation metrics, by means of the combi-
nation of VR and eye tracking technology, 
showing its correlation to execution defi-
cits.
Differences in gaze metrics were found 
when comparing normal condition with 
constrained movement condition in fixa -
tion count and duration, and with stroke 
patients in fixation duration and saccades 
count. Movement constrained condition 
data and stroke patients were consistent in 
fixation duration and saccades count. Sac-
cades duration, smooth pursuit count and 
duration were not modulated by the condi-
tions. However, a handedness effect was 
detected in the normal condition for sac-
cades duration and smooth pursuit count, 
and differences between paretic and non-
paretic arms were detected in stroke pa-
tients for smooth pursuit duration. Hence, 
data suggests that gaze metrics are differ-
ently sensitive to motor impairment, stroke 
and handedness. This fact supports the re-





Figure 2 Density maps for action observation according to the detected eye movements in the 









































































Table 1 Median values of the eye gaze metrics in action observation for each arm, in the healthy group and stroke patients group. (*) indicates significant 
within condition arm differences. (NC) indicates significant differences between normal and constrained conditions. (NS) indicates significant differences 
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that differences between the paretic and 
non-paretic arms in the observation condi-
tion could not be due to arm dominance, 
but to some other factor such as the re-
cruitment of motor control areas of the 
brain affected by stroke.
Consequently, considering the first hy-
pothesis (a), we found differences between 
dominant versus non-dominant arm only 
during action observation. Consistent with 
the second hypothesis (b), the differences 
shown between the constrained and non-
constrained condition demonstrate that 
impairing the sensorimotor contingencies 
of the arm in healthy participants also af-
fects their eye gaze during observation of a 
goal-oriented task, with some data con -
sistent with stroke data. Considering hy-
pothesis (c), differences were found be-
tween paretic and non-paretic arm during 
action observation, which may be ex-
plained by the recruitment of motor con-
trol areas of the brain affected by stroke. 
The findings of this study strongly sug-
gest that eye tracking combined with a VR 
action observation task can be used to as-
sess motor deficits derived from stroke, 
and therefore has a large potential to be 
used in motor rehabilitation. However, the 
main limitation of this approach is the 
widespread neural basis of the motor ac-
tion-observation loop, and the currently 
 limited understanding of the specific role 
of the mirror neuron system in it. Thus, 
lesions of the mirror neuron system may 
affect multiple aspects of motor execution 
and observation. At the same time, not all 
impairments to the motor execution and 
observation loop are due to lesions to the 
mirror neuron system. Consequently, more 
integrative models of the action execution 
and observation loop considering the mir-
ror neuron system need to be in place in 
order to understand how lesion location 
and size disrupt both observation as well as 
the action execution. Hence, detection of 
impairment through eye tracking is possi-
ble and may be sufficient for the diagnosis 
and monitoring of some motor deficits, but 
not a necessary condition since not all im-
pairments of the action execution system 
may be measurable through eye gaze. This 
indicates that with our current knowledge, 
the proposed approach may be more ad-
equate for monitoring the restoration of 
motor action execution and observation 
systems to normal function. With the in-
creasing appearance of low cost eye track-
ing devices, treatments aiming at exploiting 
the shared mechanisms between eye gaze 
control and action observation can become 
a cost effective continuous assessment and 
rehabilitation tool for at home use after 
hospital discharge. Further, the integration 
of such an approach to current rehabili-
tation technologies could provide new in-
sights on how different lesions affect differ-
ently eye gaze, allowing researchers to re-
fine and improve theoretical action execu-
tion models through the fitting of currently 
unavailable eye gaze data.
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